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Abstract 
 Phosphorus (P) has long been acknowledged as a vital nutrient for living organisms and 
is a key factor responsible for the fresh water eutrophication.  Our understanding of the 
phosphorus cycle has been limited by: (1) the common assumption that all P in the environment 
occurs primarily as phosphates and (2) by the limited analytical methods available to identify P 
speciation.  In an attempt to understand the distribution and chemistry of phosphorus within a 
freshwater system we must be able to identify individual P species.  To this end, we used a 
coupled High Performance Liquid Chromatograph (HPLC) - Inductively Coupled Plasma Mass 
Spectrometer (ICPMS) to determine concentrations of orthophosphate (+5), phosphite (+3) and 
hypophosphite (+1) in aqueous samples using methods modified from IC techniques developed 
by Ivey & Foster (2005) and Pech, et al. (2009) and Atlas et al. (in prep). The identification of 
different P species provides insight pertaining to contamination, bioavailability and sustainability 
within a freshwater system.   
Thirty-two individual water samples were collected from six different bodies of 
freshwater in the Tampa Bay area between the months of November 2012 to March 2013. The 
freshwater samples collected were from river and pond/swamp water locations.  Two sampling 
sites were chosen at each location.  At each site, one sample was collected from the water’s 
surface and a second sample was collected from the sediment pore water.  When depth was 
sufficient a third sample was obtained from the midpoint between the surface and sediment.  
Analytical results show that redox reactions of P occur in all freshwater samples collected 
as identified by HPLC-ICP-MS analysis.  Our data show that the distribution and concentration 
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of reduced P is controlled primarily by pH, and secondarily by water circulation, ORP and 
sediment type. Our results also imply biologic influence as a potential primary control of reduced 
P flux.  Additional samples must be collected in order to quantify and differentiate the processes 
controlling P speciation.  The ability to identify P speciation raises many questions concerning 
the validity of current methods used to measure P; other forms of reduced P may be present.  
Additional sample analysis will be necessary to determine how and if reduced forms of P affect 
the P cycle. 
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Introduction 
 
Phosphorus 
Phosphorus (P) has long been acknowledged as a vital nutrient for living organisms and a 
key factor responsible for fresh water eutrophication.  An available source of phosphorus is 
necessary to vital biological functions including the replication; metabolism and structure of 
living organisms.  It is present in all forms of life comprising roughly 1% of the total dry weight 
of living cells (Corbridge, 1995).  In nature P can be found in several forms: mineral, organic, 
gaseous, particulate and inorganic.   
There are more than 300 different known forms of phosphate minerals of which, the 
Apatite group is the most abundant.  Apatite occurs primarily as a sedimentary deposit known as 
phosphorite or ‘phosphate rock’ most of which is believed to be of marine origin (Corbridge, 
1995).  Significant commercially mined deposits are found in Morocco, USA (Florida, North 
Carolina, and the Western States), Russia, and China.  More than 90 % of mined phosphate rock 
is used for the production of fertilizers. Since the 1950s increases in fertilization application has 
contributed to non-point source pollution to lakes, rivers and ponds (Gruau et al. 2005).   
The only new sources of phosphorous available globally are a result of the weathering of 
continental material (Filippelli and Souch, 1999).  During landscape formation the initial solid-
phase phosphorous available for soil formation is high and availability slows with soil 
stabilization (Filippelli and Souch, 1999).  With increased soil formation and landscape 
stabilization the solid-phase phosphorous is transferred to a more bioavailable form (Filippelli 
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and Souch, 1999).  Mineralization of organic phosphorous is linked to the internal phosphorous 
cycle of a system and influences the biological productivity and water quality (Robbinson et al., 
1998). 
General Chemistry of Phosphorus 
Phosphorus’ atomic number is 15 it has a mass of 30.97, and can occur in oxidation states 
ranging from P-3 to P+5 (Corbridge, 1995).  Phosphorus is monoisotopic with 31P being the sole, 
stable isotope (Sharp, 2007).  Phosphorus belongs to Group VA of the periodic table, which also 
includes nitrogen (N), arsenic (As), antimony (Sb) and bismuth (Bi).  Nitrogen and P are the 
most abundant elements in this group and both play a vital role in biological processes.  
However, it is the similarity between the general chemistry of P and As that is responsible for 
their tendencies to form similar compounds (Corbridge, 1995).  
The inorganic reduced forms of phosphite (+3) and hypophosphite (+1) can be used as a 
source of P for the synthesis of organic P or as a potential byproduct of metabolism of P (Pasek, 
2008, White and Metcalf, 2002).  Orthophosphate (+5) is the most stable and abundant form of 
inorganic P in the environment today.  The ease with which biology assimilates P-O bonds 
makes orthophosphate significant in the production of fertilizers (Valls-Cantenys et al., 2012).  
Other reduced forms of inorganic P, those with an oxidation state of < +5, provide an alternative 
source of P to some organisms (Hanrahan et. al. 2005).   
Organophosphonates are organic compounds produced from reduced P in which the P-O 
bond has been replaced by a P-C bond. They are considered to be a phosphite analog of 
organophosphates.  On the early earth, a source of reactive and soluble P has been difficult to 
find.  Calcium phosphates, such as those found in apatite deposits, are not readily soluble in 
water, and are poorly reactive.  Pasek et al. (2013) suggested that the aqueous oxidation of 
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extraterrestrial schreibersite would have been a possible source of reduced P.  Schreibersite 
(Fe,Ni)3P is present in meteorites and interplanetary dust, and would have been transported to the 
surface of the Earth in significant amounts during the heavily bombardment period between 3.8 - 
3.9 Ga. (Pasek, 2008).  These reduced forms of P likely lead to the synthesis of 
organophosphorus compounds (Pasek and Kee, 2011). 
Organic P can exist in several forms and in some soils it comprises 40 – 90 % of the total 
P available (Robbinson et al. 1998).  Organic forms of phosphate are compounds containing P–
O-C and P-C linkages and are synthesized from inorganic P by enzyme activity (Figure 1.1) 
(Pasek, 2008).  Organophosphate (P–O-C) compounds are phosphorylated biomolecules that 
may produce energy for the production of biochemical reactions involving genetic material, 
energy transfer and structural support necessary for organisms (Ruttenberg, 2003).  The amount 
of energy produced is dependent on what type of carbon the phosphate group is bound to, if the 
carbon has a sp2 hybridization it will produce a “high energy” biomolecule used in cellular 
metabolism.  A phosphate group bound to a carbon with a sp3 hybridization will produce a stable 
molecule that can persist within a cell; in many cases the phosphate acts as a high affinity 
binding site.  Organophosphates are always negatively charged; the negative charge stabilizes the 
system while minimizing hydrolysis.  This hydrolysis-resistant negativity provides kinetic 
stability allowing many P biomolecules to prevail for long periods of time (Pasek and Kee, 
2001). 
Controls on Phosphorus Availability to a System 
The amount of P available to a system is controlled by the sorptive binding of P to other 
elements, the amount of O2 available and the type of organisms residing in the system.  Since P 
is a limiting element in ecosystems sorptive binding of P to iron (Fe), aluminum (Al) and 
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oxyhydroxide phases indirectly affects the soil and sediment (Ruttenburg, 2003).  In acidic soils 
P will bind as aluminum and iron phosphates, and in alkaline soils it will bind to calcium and 
magnesium (Mitsch and Gosselink, 2007).  When P is in an oxygenated environment, ferric iron, 
calcium and aluminum will combine with OH- or PO43- to form low-solubility precipitates that 
are relatively unavailable to plants and organisms (Dodds, 2002; Mitsch and Gosselink, 2007).   
However if the precipitants are in an anoxic environment the phosphate will dissociate as 
the iron reduces from Fe3+ to Fe2+, making the iron-phosphate more soluble releasing phosphorus 
into solution (Brady and Weil, 2010).  Phosphine production can be accelerated by iron corrosion 
under bio-anaerobic conditions that require low pH, the presence of organic acids and sulfide 
exudates from bacterial metabolism.  This process is considered a chemical reduction (not 
microbial reduction) of phosphate in iron ore during metallurgical iron production and provides 
an explanation for the production of free phosphine as well as matrix bound phosphine (Ding et 
al. 2005).  
The total amount of O2 available in an aquatic system is the summation of the transport 
mechanism, photosynthesis, respiration and atmospheric contact (Dodds, 2002).  Available 
oxygen in freshwater is an important control on the P cycle.  When phosphine (an intermediate of 
anaerobic processes in soil) becomes oxidized to phosphoric acid it activates P in the soil that 
would otherwise have not been available to plants (Cao et al. 2000).  Glindemann et al. (2005) 
found that “matrix-bound” phosphine can always be found in soils and is capable of slowly 
migrating in the interstitial gas spheres of soils impacting the amount of P available in 
agriculture and wetland soils.  The rate of diffusion into the interior molecular space requires 
days to months and is not easily reversed (Horne and Goldman, 1994).  Not only is oxygen often 
the oxidant reactant in redox reactions responsible for making P available to organisms but it is 
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also a primary control that affects the growth of anaerobic bacteria that can significantly 
contribute to the production and/or transportation of reduced P (Geng et al. 2007). 
Redox 
The reduction/oxidation (redox) condition of surface and groundwater significantly 
affects the mobility, solubility and bioavailability of P (Hanrahan et al. 2005), as well as other 
elements.  Redox potential is an estimate of the availability of electrons in the environment; 
reactions occur when an electron is transferred from one atom to another.  In groundwater redox 
reactions generally occur with the addition of an oxidant such as O2 or a reductant, namely 
dissolved organic matter (Appelo and Postma, 2010).  Microorganisms generally facilitate redox 
reactions rapidly cycling electrons between organic carbon donors and inorganic acceptors 
(Jurgens et al. 2009; Hanrahan et al. 2005).  Standard equilibrium thermodynamics can predict 
the order in which redox reactions will occur, the predominant form is determined by pH (Mitsch 
and Gosselink, 2007).  Identification of P species can aid in our understanding of chemical and 
biological reactions providing insight concerning toxicity and essentiality (Michalke, 2003 and 
Valls-Cantenys et al. 2012). 
The dominant P species found at the circumneutral pH (5.5-7.4) of most soils and natural 
waters is phosphate (Hanrahan et al. 2005).  The thermodynamic stability for each P species at 
any given pH can be found in Figure 1.2.  Under reducing conditions (~ 10% each of H2 and CO 
in water-saturated CO2 + N2) De Graaf and Schwartz (2000) showed that ~ 20 % of available 
phosphate found in apatite reduces to phosphite, contributing significantly to the bioavailable 
amount of P in the environment.  Due to its thermodynamic instability phosphite is more reactive 
than phosphate and is capable of participating in many reactions (Pasek, 2008).  In soil and water 
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phosphite is 103 times and hypophosphite is 106 times more soluble than phosphate making them 
a more efficient P source for plants (Han et al. 2012, Pasek and Kee, 2011).  
Phosphorus in Freshwater 
Phosphorus is generally accepted as the limiting nutrient in freshwater systems.  
Concentrations of P in natural waters are typically less than a few tenths of a milligram per liter 
but can be altered by many factors such as the rate of weathering, root interception and retention, 
adsorption onto particles or precipitation with other compounds (Hem, 1989; Horne and 
Goldman, 1994).  The phosphorus content of streams and rivers is derived from weathered 
continental deposits, and the chemical form is dependent on the extent of the weathering and the 
nature of the water (Ruttenberg, 2003).  Phosphorus is a highly particle reactive element, when in 
solution as phosphate it will react quickly participating in a complex series of sorption reactions 
(Froehlich, 1988). Biological processes that occur within streams and rivers modify the form of P 
as it is being transported; a substantial amount of phosphate up take in natural systems is related 
to bacteria (Ruttenberg, 2003; Lebo, 1990).  Excessive nutrient loading tends to store P in the 
sediment contributing to eutrophication that may in turn be transported further downstream (Olli 
et al. 2009).  How much of the P that is retained in the sediment within drainage reaches 
decreases with increasing flow and depth of the water (Olli et al. 2009). The availability of 
reduced forms of P has increased in the environment primarily as a result of fertilizer and 
fungicide application (phosphite) and secondarily due to industrial use (hypophosphite) (Morton 
and Edwards. 2005; Hanrahan et al. 2005; Stone and White, 2011).  Few studies have been 
attempted to identify P speciation in freshwater.  
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Previous Studies 
Hanrahan et al. (2005) describes the imbalance between the number of soil/water studies 
undertaken to describe the importance of specific geochemical processes, such as the 
precipitation, dissolution, sorption, and desorption of P in soils; all of which are presumed to 
control the uptake and release of P from the soil.  Soil studies have been conducted as early as 
1959 by Tsubota, which concluded that the degree of phosphate reduction is related to 
temperature and type of soil.  He also was able to measure the production of phosphite and 
hypophosphite in culture medium proposing that it was a result of bacterial reduction (Tsubota, 
1959).  Burford and Bremner (1972) conducted experiments to evaluate the claim that 
microorganism could reduce phosphate to phosphine.  Phosphine is the gaseous reduced form of 
P.  They were unable to measure phosphine emission but they were able to measure phosphine 
sorption that was unrelated to microbial activity (not to discount that microbial activity could 
reduce phosphate to phosphine).  Their study demonstrated that phosphine emission from soils is 
only observed if the rate of microbial production exceeds phosphine sorption by the soil (Burford 
and Bremner, 1972).  Later work conducted by Cao et al. 2000; Devai et al. 1988; Gassman and 
Glinderman 1993 confirmed that biochemical processes could accomplish phosphate reduction to 
phosphine.  However, relationships between the same processes of P in natural aqueous-solid 
systems are poorly understood and have yet to be pursued (Hanrahan et al. 2005).  
Recent studies conducted by Han et al. 2012, on water samples collected from various 
water depths including interstitial water from sediments of a eutrophic freshwater lake detected 
the presence of phosphite.  Phosphite concentrations in the lake samples ranged from 0.01 ± 
0.01µM to 0.17 ± 0.01µM, with the highest concentrations found in the sediment samples.  The 
results from the 2012 study determined phosphite to be a trace carrier of P (~ 1 % to 10 % of 
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phosphate) and a contributor to the eutrophication of the freshwater lake (Han et al. 2012).  
Sediment studies conducted in lakes have shown the importance of how redox effects on iron-
phosphorus and aluminum-phosphorus cycling may potentially be used for remediation purposes 
(Ruttenberg, 2003).  The distribution of P in fresh water environments is complex.  The 
conditions that change one form to another rely on simultaneously occurring processes.  Changes 
in physiochemical parameters that drive redox reactions in freshwater systems are not only 
influenced by quality alteration from runoff and biological activity but also by events, the diurnal 
cycle, and seasonality.  The identification of different P species within freshwater systems should 
provide insight pertaining to contamination, bioavailability and sustainability. 
In an attempt to understand the distribution and role of phosphorus within a freshwater 
system we must be able to effectively identify individual species.  Morton et al. (2003) suggested 
that reduced forms of P such as hypophosphite P (+1), phosphite (P+3), and phosphides (P-3) are 
also present in the environment as a result of natural processes and anthropogenic sources.  
Traditional standard methods of phosphorus detection, such as the molybdate-reactive method, 
may fail to identify the reduced forms of P (oxidation state < +5) as well as organic phosphorus 
(Morton et. al. 2003).  Measurements of total phosphate and soluble reactive phosphorus (SRP) 
do not differentiate between reduced P forms.  The common assumption has been that P species 
exist in aqueous environments as dissolved orthophosphate, organic phosphates or as colloidal 
complex forms.  In wetland soils P can occur as soluble or insoluble in both organic and 
inorganic forms (Mitsch and Gosselink, 2007). This study attempts to identify P speciation in 
freshwater bodies using a coupled HPLC and ICP-MS method.  Identification of individual 
species would provide better quantification of what comprises the P cycle that in turn could lead 
to a better understanding of the controls that drive the P cycle in aqueous systems. 
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Figures 
 
  
 
Figure 1.1 Structures of the major biological P molecules in life at pH 8.  Inorganic P 
molecules are shown (left).  Representative organic P molecules are shown (right)(Pasek, 
2008).  
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Figure 1.2.  Eh-pH diagram for P species at 298 K, 10-6 M.  Dashed lines representing the 
present-day atmosphere (Upper) and lower limit on water stability (Lower). (Pasek, 2008). 
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Methods 
 
Field Techniques 
Water samples were collected at six different sites in the Tampa Bay area, Florida.  These 
sites were chosen to be representative of freshwater from rivers and ponds/swamps in the Tampa 
Bay area, FL based on their land use and land cover.  At each location, two sites were selected.  
The selection of each site was based on accessibility and depth.  A minimum of two samples was 
taken from each site (one sample collected from the surface and the second sample from the pore 
water), when possible a third sample was taken from the midpoint of the water column.  The 
collection of pore water was accomplished by inserting a half-inch PVC pipe encasing a metal 
rod a minimum of 10 cm into the sediment.  Once the PVC was in place tubing replaced the 
metal rod and the pore water was withdrawn with a 250 mL syringe.  All samples were collected 
in new 125 mL Nalgene bottles.  Immediately after collection 5 mL was syringed through an 
inline 0.45 µm Puradisc filter into a clear glass vial and refrigerated within one hour. 
Physicochemical data such as temperature, pH, oxidation-reduction potential (ORP), 
depth and distance from the shore were measured at each location.  Total dissolved solids (TDS) 
measurements and total P were only collected at the Pithalachascotee River and Muck Pond.  A 
handheld YSI 60 water monitor calibrated prior to each collection date was used to measure the 
temperature and pH.  The ORP was measured using a HM digital waterproof model ORP-200 
meter, and TDS was measured with a HM digital TDS EZ Water Quality Tester.  Total P was 
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measured using the PhosVer 3 (Ascorbic Acid) Method with a Hach DR2400 Portable 
Spectrophotometer. 
Analytical Method 
Samples were analyzed on a Perkin Elmer S200 High Performance Liquid 
Chromatograph coupled to a Perkin Elmer Elan DRC II Inductively Coupled Plasma Mass 
Spectrometer (HPLC-ICP-MS).  This coupled HPLC- ICP-MS method was developed at the 
Center for Geochemical Analysis at the University of South Florida, modified from the general 
methods employed by Ivey & Foster (2005) and Pech et al. (2009, 2011) for P speciation with IC 
and IC-electro spray mass spectrometry (Atlas et al., In prep).  The HPLC is fitted with a Dionex 
IonPac® AS17C chromotagraphic column with an AG17 Guard Column.  Preliminary efforts 
determined that optimum speciation results could be obtained by using a KOH Mobile phase 
solution with linear gradients ranging from concentrations of 3.5 mM KOH for the first 2 
minutes to 35 mM KOH for the last 10 minutes at a flow rate of 1.5 mL/min (Table 2.1).   Basic 
HPLC operating conditions also require a column temperature of 70° C, a pump pressure of ~ 
2400 psi (minimum rate of 1000 psi and a maximum rate of 3000 psi) and an injection volume of 
100 µL.   
Two different methods were applied for the analysis of our samples.  Initially we set the 
ICP-MS to detect for P mass 31 then we modified the method by adding a reaction cell to add 
oxygen to convert the P to PO at a mass of 47.  The changing of the mass detection from 31 to 47 
was done to reduce background interference created by molecular 15N16O.  The working 
conditions for each method of the ICP-MS were adjusted to optimize the ionization of P and are 
listed in Table 2.2.  Individual setting for the identification of speciation peaks should be set as 
follows: P(+1) should have retention time of 1.325 min with the peak search time from 0.100 min 
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to 5.000 min, P(+3) should have a retention time of 6.500 min with a peak search time from 
4.000 min to 8.000 min, and P(+5) should have a retention time of 9.500 min with the peak 
search time from 8.646 min to 20.000 min (Figure 2.1).  Moreover, best results are obtained by: 
(1) flushing the column and cleaning the front end of the ICP-MS prior to each analysis, (2) 
using platinum cones, (3) slowly contaminating the ICP-MS by using freshly prepared standards, 
(4) identify P mass 47 instead of P mass 31 and (5) include a methanol rinse in between each 
sample that is suspected to contain high amounts of organic material as will be described in the 
following section.  
Preparation of Standards and Mobile Phase Solutions  
Prior to each analytical run new standards and mobile phase solutions were prepared.  A 
10-3 M stock of each P(+1), P(+3), and P(+5) which in turn where prepared by mixing the 
reagents according to Table 2.3.  For peak detection one standard each of P(+1), P(+3), and 
P+(+5) of 10 -6 M was created by mixing 0.10 mL of the 10-3 M stock with 10 mL of double 
distilled 18 MΩ water (analytical grade I-distilled, deionized water (D-DI)).  Dilution of 10-3 
stock with D-DI water according to the amounts found in Table 2.4 created the intermediary 
standards of 10-5, 10-6, and 10-7.  While the intermediate standard of 5 x 10-6 M was created by a 
1:1 dilution of 10-5 M with D-DI water and the 5 x 10-7 M standard was created by a 1:1 dilution 
of the 10-6 M with D-DI water.  The injection sequence for HPLC-ICP-MS analysis was set in 
the following order:  blank (D-DI water), followed by the standards (from least to greatest 
concentration), individual peak detection standards, and finally the samples being analyzed.   
Two strengths of the KOH mobile phase potassium hydroxide were also prepared a 3.5 
mM KOH and 35 mM KOH (Table 2.3).  Analyses of our samples were based on the 
identification of two different masses: P mass 31 and the P O mass 47.  
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Pre-preparation of the HPLC 
Prior preparation for analysis is also necessary for the HPLC and the ICPMS to minimize 
the presence of any non-sample P.  Phosphorus is a highly reactive element that can easily form 
weak bonds (it’s “sticky”) and is ubiquitously present in the environment.  Before each analysis 
the HPLC columns must be back flushed with 1M HCl for 20 – 30 min, followed by a rinse of 
D-DI water for another 20 – 30 min.  The columns are then returned to their proper position and 
flow direction, followed re-equilibration with of 3.5 mM of KOH for another 20 - 30 min.  If 
prior analysis consisted of samples with high P content and column loading is suspected an 
additional flush of 5% MeOH followed by an additional D-DI flush is necessary prior to 
returning the columns to their original locations and flow direction. 
Preparation of the ICP-MS consists of wiping the interface with a solution of 2 – 5 % 
HNO3 followed by a D-DI water rinse.  This dilute HNO3 is also used to clean the platinum 
cones.  The cones are placed in a small beaker covered by HNO3 in a sonic cleaner for no longer 
than 15 min.  Once completed they are rinsed with D-DI water, placed back into the beaker, 
covered with D-DI water and sonically cleaned for an additional 15 – 20 min.  Upon completion 
they receive a final rinse and are placed in a drying oven.  Cleaning of the remaining front-end 
pieces include soaking in 10-20% HNO3 on a hot plate (sub-boiling) for two hours, triple rinsed 
with D-DI water and then placed in a dryer. 
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Tables and Figures 
Table 2.1 HPLC settings and conditions. 
STEP TIME FLOW 3.5 µM KOH 35 µM KOH MeOH 
P MASS 31 (MIN) mL/min % % % 
EQUILIBRATION 20 1.5 100 0 0 
RUN 2 1.5 98 2 0 
GRADIENT 10 1.5 100 è 100 0 
RUN 10 1.5 2 98 0 
P MASS 47 
     ADDITONAL 
RUN 10 1.5 0 98 2 
 
Table 2.2 ICP-MS working conditions for 31P and 47P method. 
 31P  Method 47P Method 
RF Power 1400 W 1500 W 
Nebulizer Flow 1.4 0.94 
Lens Voltage 5.25 V 5.25V 
Reaction Cell B   
     O2 Flow N/A 0.9 
     RPq N/A 0.6 
 
Table 2.3 Preparation of standard 10-3 and mobile phase solutions. 
 
D-DI WATER SOLUTE CHEMICAL 
 
(mL) (g/L) (g) 
P(+1) 10-3 M 1000 0.132 ± 10% Hypophosphoric Acid 
P(+3) 10-3 M 1000 0.08367 ± 10% Phosphorous Acid granules 
P(+5) 10-3 M 1000 0.1153 ± 10% Phosphoric Acid 
3.5mM KOH 1000 0.2311 ± 10% 85 % KOH granules 
35mM KOH 1000 2.3106 ± 10% 85 % KOH granules 
MeOH 80 .02 Methanol 
 
 
 16 
Table 2.4 Preparation of intermediate standards. 
Standard 10-5 M  10-6 M 10-7 M  
P(+1) 10-3 M 1.0 mL 0.10 m/L 0.01 m/L 
P(+3) 10-3 M 1.0 mL 0.10 m/L 0.01 m/L 
P(+5) 10-3 M 1.0 mL 0.10 m/L 0.01 m/L 
DD-I 100 mL 100 mL 100 mL 
 
 
Figure 2.1 Location of the sample sites in the Tampa Bay area. 
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Figure 2.2 Intensity verses time graph of the 10-5 molar standard illustrating peak 
identification. 
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Results 
 Reduced P compounds occur in all the freshwater samples that we collected and were 
successfully identified with a combination HPLC-ICP-MS method with precise results.  Table 
3.1 is a summary of the data.  All samples, except the River Front River samples, were analyzed 
once.  The River Front River samples were analyzed twice.  Inconsistent results obtained during 
some of the run sequences are thought to be a result of P loading of the column or the over 
dilution of samples that contained high amounts of total P, those analysis are not included in our 
results. 
 River Locations 
River Front Park 
We sampled the Hillsborough River at River Front Park, Hillsborough County, FL.  This 
location is representative of the Tampa Bay water shed.  River Front Park is a recreational park, 
with unrestricted access to the shoreline along the west shore.  On the day of sampling the water 
was calm, with a depth visibility to ~15 cm (Figure 3.1 and 3.2).  Samples A, B and C (listed 
from surface to sediment) were collected 2.3 m from the shore within ~ 1 m of emergent 
vegetation (Figure 3.1).  Samples D, E and F (listed from surface to sediment) were collected 
3.28 m from shore in an area that was free from emergent vegetation (Figure 3.2). 
Analysis of the samples collected from River Front Park was completed in two analytical 
sessions.  Graphs of intensity versus time were very similar in shape for all samples (Figure 3.3 
and 3.4).  Both analysis contained double peaks for P(+3), the first peak retention time was at 4.5 
min, the second peak retention time was at 6.3 min.  The peaks are discrete (Figure 3.3 and 3.4).  
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Hypophosphite was not identified in samples RF A 1 and RF B 1 (Table 3.1, Figure 3.3). 
Averaging of the two analyses show that the greatest concentrations for P(+1) is found in the 
sediment, P(+3) at the surface and P(+5) in the water column (Table 3.1). 
Pithalachascotee 
 We sampled the Pithalachascotee River in Pasco County, FL this location represents 
water with known agricultural and anthropogenic influences.  The site is a swimming hole 
accessed by a dirt path that is also used by ATVs, from Platt Road just west of Little Road.  The 
swimming area is in between two agricultural areas, along the river to the northeast are pastures 
and to the southwest are a nursery and a horse stable.  The first collection point, B1, is where the 
river flows from the open swimming area through fallen trees and branches to a narrower (~ 3 - 4 
m across) steeper channel (Figure 3.5).  The water current through the channel is visible (slow), 
the depth is much shallower therefore only surface and sediment samples were collected (B1 T 
and B1 B).  There was no emergent vegetation, however there were cypress trees and grasses that 
reached the shoreline in some areas of the channel.  At both collection points the water was tea 
colored yet the bottom was visible, the sediment consisted of sand with some patches of what 
appears to be organic material as seen in Figure 3.6.  In the swimming area (B2) it is evident by 
observing the sparse vegetation line that water levels at some point were much higher than what 
they were at the time of sampling (Figure 3.6).  Visibility in the center deeper portions of the 
swimming hole did not reach the bottom.  Water flow in this section was not observable. 
Samples B1 and B2 contain high amounts of total P (0.16 mg/L)(Table 3.1).  Intensity 
versus time graphs display clear peaks identifying all of the P species, with the exception of the 
surface sample of B2 (Figure 3.7)(Figure 3.8).  In Figure 3.8 double peaks for P(+3) can clearly 
be observed for all samples except B2 T.  Overall the results show a general trend of the highest 
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concentrations to be in the sediment and decrease as depth decreases for P(+1), P(+3) and P(+5) 
(Table 3.1).  In all samples the concentration for P(+5) is 103 times greater than the 
concentrations for P(+1) or P(+3)(Table 3.1). 
Hillsborough River 
The Hillsborough River samples were collected east of the point where Sulfur Springs 
meets the river (Figure 3.9).  This site is located in Tampa, FL and is representative of Floridian 
Aquifer (due to the ~ pH of 8) waters that have been influenced by urbanization.  In the late 
1800s Sulphur Springs became a popular public swimming hole that has since been closed 
(1986) due to water contamination.  A study in 2000 conducted by the Southwest Florida Water 
Management District discovered the main reason for the contamination of Sulphur Springs to be 
that it is directly linked to over a dozen local sinkholes that collect surface runoff water (Pittman, 
2012).  Cement barriers now surround the source of the spring to prevent public access.  To the 
north of the spring is a city park and to the south of the spring lies waterfront homes along the 
Hillsborough River.  Due to active construction at the time of sampling access was limited 
therefore, samples HR 1, HR 2 and HR 3 were collected from the closest possible point where 
the two waters meet.  This point was a stagnant area near the base of the bridge that leads to the 
spring’s source; no vegetation reaches the shore at this point due to a low cement wall along the 
shore (Figure 3.10).  The second sample site was the furthest point away from the spring that we 
could collect and still remain within the park (Figure 3.11). Samples HR 4, HR 5 and HR 6 were 
collected ~ 3.4 m from the shore, the flow was observed to be moving swiftly.  Several types of 
vegetation and various sizes of limestone rock replaced the low cement wall that was present 
along the shore at the first collection site (Figure 3.11).  Locating a point to collect at the second 
site was difficult since the bottom of the location was covered mostly by rock.  
 21 
Analysis conducted on the Hillsborough River samples graphically display speciation 
peaks, excluding HR 6 (Figure 3.12).  Calculated concentrations for the Hillsborough River 
samples based on the graphed intensities contain poor r2 values ranging from .54 to .79 (likely 
due to background interference), therefore it may be more useful to compare the graphed 
samples with locations containing similar intensities. Since the intensities of the River Front Park 
River samples and the Hillsborough River samples graphically contain the same intensity scale 
some general observations could be made (Figure 3.3, 3.4 and 3.12).  All of the P(+1) intensities 
for Hillsborough River are much greater than those measured in the River Front Park River 
samples.  The P(+5) intensities except for the HR 2 sample are much less than the P(+5) 
intensities found in the River Front samples (Figure 3.10).  The HR 2 sample is unusual in that it 
is the only Hillsborough River sample that has more P(+5) than P(+1).  P(+3) may not be present 
in any of the samples (Figure 3.12). 
Ponds and Swamp Locations 
Matt’s Pond 
Matt’s Pond is a man-made retention pond in a residential area located in Seffner, Fl.  
This location is representative a shallow, stagnant pond resulting from surface water run off.  At 
the time of collection, the surface of the pond was covered in what appears to be duckweed.  The 
emergent grass in the center of the pond suggests that the pond is shallow throughout (our pore 
water samples were collected at ~ 20 cm)(Figure 3.13).  The pond is surrounded by residential 
yards, there are no barriers preventing anything from entering this location and the water appears 
to be stagnant (Figure 3.14). 
Concentration calculations do not correspond with the graphed intensities, differences 
between concentrations and intensities could be a result of the multiple peaks for P(+3).  Visually 
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the graphs display P(+3) as the prominent species, closely followed by P(+5) and much smaller 
peaks for P(+1) in samples A, B and C (Figure 3.15).  In graph D the prominent species is P(+1), 
followed by P(+3) and P(+5) (Figure 3.15).  The concentration calculations contradict the 
intensity graphs by displaying P(+5) as the prominent species in all samples and by the low 
P(+1) value for sample D (Table 3.1). 
Muck Pond 
Muck Pond is also a man made pond; it was created to provide fill dirt for the front 
portion of a single residential property, located in Pasco County, FL.  This location is 
representative of a man made location with likely contaminate deposition.  The surface of the 
pond is covered in duckweed; vegetation does not reach the shoreline (a result of a visible drop 
in water level line) and its depth is unknown (Figure 3.16).  The M1 samples were taken at the 
northern end of the pond while the M2 samples were collected near two pipes that were closer to 
the southern end (Figure 3.17).  It is not known if or when the pipes may have deposited 
anything into the pond but the pipes seem to originate from the residence. 
Graphed intensities for Muck Pond display clear P(+5) peaks with smaller double peaks 
for phosphite (Figure 3.18)(Figure 3.19).  All speciation concentrations, except for P(+1) at the 
M2 location, displayed a general trend in which the highest concentrations for each species are 
located in the soil and decrease as depth decreases (Table 3.1).  At the M2 location the greatest 
P(+1) concentration was at the surface (Table 3.1).  The P(+5) concentrations are much higher 
than the other reduced forms.  At the M1 location the P(+5) concentration at the surface is 102 
times greater than the P(+1) or P(+3) readings and the amount increases one magnitude for each 
increase in depth.  The P(+5) at M2 is 103 times greater than the concentrations of P(+1) or 
P(+3), and remains relatively constant from surface to pore water (Table 3.1). 
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River Front Swamp 
The River Front Park swamp samples are taken from the same park in Hillsborough 
County as the river samples.  This location is representative of a natural reduced environment 
that should be receiving surface water that has been minimally influenced by anthropogenic 
activity.  The swamp samples are located at the west end of the park along a nature trail.  RF 4 is 
located off of the trail at the #4 marker; it is much smaller, shallower and closer to the trail than 
the RF 6 location (Figure 3.20, Figure 3.21).  The RFS 6 site, located off the trail at the #6 
marker, contained water with a greenish hue and visible emerging gas bubbles during sample 
collection (Figure 3.22).  Both locations are surrounded by cypress trees, contain high amounts 
of organic material, and show no signs of water circulation. 
The graphed intensities for the River Front Swamp samples did display speciation peaks 
(Figure 3.23).  The general trend observed for species concentrations were that the greatest 
amounts were measured in the soil and decreased as depth decreased (Table 3.1).  The P(+5) 
concentrations for the RF4 T, RF4 B, and RF6 M samples are 102 greater than that of the other 
reduced forms of P.  In the RF6 B sample the P(+5) concentration is 103 times greater than the 
other reduced forms of P (Table 3.1). 
Summary 
Water circulation, oxidation/reduction potential (ORP), and pH influence reduced P 
concentrations.  Locations with a pH greater than the circumneutral norm of 5.5-7.4 (River Front 
River and Hillsborough River) also have higher ORP values and visible water circulation.  
Phosphate concentration values were much lower (102 to 103) at these locations.  The lower 
concentrations may be related to stream flow, stream depth and storage capability.  An inverse 
correlation exists between stream flow and concentration of dissolved minerals, which in part 
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could explain the lower P concentrations found in the River Front River and Sulphur Springs 
samples (Mitsch and Gosselink, 2007).  A study conducted by Olli et al. (2008) demonstrated 
that P retention decreases with flow rate and depth.  Although Sulfur Springs may be receiving 
surface runoff water from local sinkholes the spring discharge to the Hillsborough River is not 
loading the river with P. The river may be diluting the amount of P present or lacks the ability to 
store P due to the lack of sediment available (Froelich, 1988).  
The ORP values change in tandem with the pH values except when vegetation is present 
(River Front A, B, C, and Matt’s Pond) or the circulation is low (Hillsborough River samples 1, 
2 and 3 at the stagnant point).  The River Front River samples that were collected near emergent 
vegetation (A, B and C) have a slightly lower pH (8.10 vs. 8.46) and greater ORP than the 
samples collected at the second site.  This would suggest that the vegetation is altering the local 
environment.  In this case the vegetation uptakes the reduced P in the soil and transports it 
through the roots to the surface (Pelton et al. 1998).  Matt’s Pond contains ORP and 
concentrations levels of P similar to that measured in the River Front Park samples suggesting 
that if the pH had been measured it would have been > 7.  Which could be possible if the surface 
water entering the pond is a result of lawn irrigation (Floridan Aquifer water).  However, since 
the surface of the pond is covered in vegetation and the pond is shallow (as determined by the 
presence of emergent grass throughout) we cannot determine to what degree biology may be 
altering the ORP.  The elevated ORP levels could be a result of photosynthesis that would have 
been at the daily maximum at the time of sampling (~ 1 pm.).  Water circulation can also alter 
the relationship between ORP and pH as seen in samples 1, 2, and 3 collected from the 
Hillsborough River.  Those samples were collected at a stagnant point next to the bridge and are 
~ 30 mV less than the samples collected in the channel.  
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Locations with minimal circulation and a pH range of 5.7 – 6.8 (Muck Pond, 
Pithalachascotee River, and River Front Swamp) have a lower pH due to receiving rainwater 
either directly from rain or in surface water run off as a result of rain.  These locations contain 
P(+5) concentrations that are between 102 – 104 times greater than the concentrations of P(+1) or 
P(+3).  However, the reduced water circulation does not seem to alter the tendency of ORP and 
pH values to change in tandem.  Exceptions are the River Front Swamp 6 and the Muck Pond 2 
samples both of which could be influenced by the daily photosynthetic productivity.  The pH 
values at the M 2 site was greater than at M 1 but contained a lower ORP, which may be 
contributing to the unusual distribution of P at Muck Pond.   
Samples from Muck Pond have unusual concentrations of P(+1) in that P(+1) is not 
detected in the M 1 surface or midpoint samples.  In comparison, the M 2 concentrations of 
P(+1) are the greatest at the surface and only decrease ~ 100 mg/L with depth.  Concentrations of 
all the P species vary little with depth at the M 2 location.  Of all the samples we collected the 
greatest concentrations of P(+5) are found in the sediment at M 1.  
Locations with little or no water circulation (Pithalachascotee, Matt’s Pond, Muck Pond 
and River Front Swamp) have the highest concentrations of each species in the soil and 
concentrations decrease as depth decreases with the exception of the surface sample from M 2.  
Additional sampling would need to be conducted to determine if depth relationship is a result of 
low circulation or high P(+5) concentrations (> 106).  The greatest intensities of hypophosphite 
(compared to the other reduced forms) were observed in the Hillsborough River samples.  Only 
two other locations displayed notable peaks for P(+1) (River Front River F and Matt’s Pond) 
suggesting that pH conditions > 7.4 may contribute to the amount of P(+1) available.  
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Tables and Figures 
Table 3.1.  Concentration of phosphorus species, total phosphorus concentration and 
physical parameters for water collected at our 6 sampling locations. 
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Figure 3.1 River Front Park river sample location of samples A, B and C. 
 
Figure 3.2 River Front Park river sample location of samples D, E and F. 
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Figure 3.3. Peak detection results from the River Front samples near emergent vegetation.  
Sample RF A (surface), RF B (midpoint) and RF C (sediment pore water).   
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Figure 3.4.  Graphs display intensity results from River Front Park samples D, E and F 
analysis.  Samples RF D (surface), RF E (midpoint), and RF E (sediment pore water).  
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Figure 3.5 Pithalachascotee River location of samples B1. 
 
 
Figure 3.6 Pithalachascotee River location of samples B2. 
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Figure 3.7.  Intensity graphs of P species for the Pithalachascotee River samples.  The B1 
graphs represent samples collected from the shallow channel that branches off from the 
swimming area.  B2 graphs represent the swimming hole samples. 
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Figure 3.8. Close up the intensity graph for the Pithalachascotee River samples displaying 
the peaks for P(+1) and P(+3). 
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Figure 3.9 View showing Hillsborough River sample locations in respect to Sulfur Springs. 
 
Figure 3.10 Hillsborough location for samples 1-3.  
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Figure 3.11 Hillsborough location for samples 4-6. 
 
Figure 3.12 Hillsborough River intensity graphs for water samples. 
 35 
 
 
 
Figure 3.13 Matt’s Pond location of samples A and C. 
 
 
Figure 3.14 Matt’s Pond location of samples B and D. 
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Figure 3.15 Graphed intensity readings for Matt’s Pond.  Samples A and C are from the 
first sample site.  Samples B and D are from the second site sample 
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Figure 3.16 Muck Pond location of the M 1 samples. 
 
 
Figure 3.17 Muck Pond location of the M 2 samples. 
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Figure 3.18 Graphed intensities for the Muck Pond samples.   
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Figure 3.19 Close up of graphed intensities for the Muck Pond samples displaying the 
peaks for P(+1) and P(+3). 
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Figure 3.20 River Front Swamp location of the RF 4 samples. 
 
 
Figure 3.21 River Front Swamp location of the RF 6 samples. 
 41 
 
Figure 3.22 Close up of emerging gas bubbles from RF 6 location.  
 
Figure 3.23.  River Front Swamp water sample intensity graphs for locations RF4 and RF6. 
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Discussion 
Reduced P concentrations in natural freshwater samples can contain variations due to 
vegetation and circulation changes but overall remain low due to their propensity for oxidation.  
The source of P at the Pithalachascotee River is a result of agricultural runoff.  Interestingly, the 
total phosphate concentration measured by spectrophotometer from the Pithalachascotee River 
water samples were higher than the samples collected from Muck Pond (0.16 mg/L vs. 0.03 
mg/L) yet our analysis determined higher concentrations of reduced P at the Muck Pond 
location.  Surface water P loading resulting from agricultural sources retains high concentrations 
of orthophosphate due to remobilization from the sediments (Honisch et al. 2002).   Therefore 
we should expect high concentrations in the Pithalachascotee River samples and we should 
further investigate the discrepancy between total phosphate and the individual concentrations at 
Muck Pond. 
The conflicting conditions between the “rotten egg” smell indicative of reduced 
conditions (H2S by sulfate reduction) and the positive ORP values found in Matt’s Pond could be 
the result of photosynthesis exceeding respiration at the time of sampling (~1 pm).  The 
concentration distribution of the reduced P (at the time of sampling) in the pond may be 
diminished by: (1) macrophytes preference to uptake P from shallow water through their stems 
and leaves (2) speculation that phytoplankton prefer to consume non-orthophosphate (Wigand et 
al., 1996)(Currie and Kalff, 1984).  Greater ratios of P(+3) concentration in water samples may 
be pH dependent as seen in the samples from Matt’s Pond and Sulphur Spring’s samples.  
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I speculate that phosphate-containing grey water (waste water from sinks, showers, and 
washing machines) is being deposited into Muck Pond from the pipes originating from the 
residence at M2 and is responsible for the elevated reduced P concentrations.  Approximately 10 
m to the north of M 2 is the sample location of M1 where the concentrations of P(+5) in the pore 
water samples increase by one magnitude and the P(+1) in the water column samples were 
undetectable.  The duckweed may be oxidizing the P(+1) releasing P(+5) from the sediment 
increasing concentrations in the pore water. 
In general the decomposition of organic matter will increase the P concentrations in water 
contributing to the expected P concentrations in the River Front Swamp samples (Burton and 
Walter, 1989).  Water column samples from RF 4 have the expected negative ORP values of a 
reduced environment conversely the water column samples from RF 6 samples contain positive 
ORP values.  Differences could again be a result of daily photosynthetic changes since the water 
at RF 6 contains algae (indicated by the greenish hue).  Graphically the RF 4 and the RF 6 
samples are similar suggesting that the changes in ORP did not alter the P(+1), P(+3), or P(+5) 
concentration ratios.  Additionally differences cannot be associated with pH since both locations 
have an average pH of 5.72 ± .02.  The gas bubbles observed escaping from the surface at RF 6 
could be a result of CO2 produced from organic matter mineralization that in turn would increase 
the P concentrations, however it did not accompany the expected pH change (Maine et al. 2005).  
Therefore, I would speculate that oxygen produced by the algae is altering the ORP values 
masking values that would otherwise indicate ranges that would represent methogenesis in turn 
accounting for the surface gas bubbles.   
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Conclusion 
This study demonstrates that reduced forms of P can be identified using the HPLC-ICP-
MS method described.  The ability to identify P speciation raises many questions concerning the 
validity of current methods used to measure P, in respect to what is actually being measured.  
Additional sample analysis will be necessary to determine how and if reduced forms of P affect 
the P cycle.  With the limited data that was analyzed it is evident that the distribution and 
concentration of reduced P is controlled by many processes foremost pH, type of water, ORP and 
sediment type.  However, our samples also imply that biology can alter the influence of the 
primary controls causing P fluxes.  
As our analysis progressed we were able to produce a method with little background 
interference and minimal outside contamination.  Therefore future studies should provide reliable 
concentration measurements.  Also, future studies will investigate the double peaks that are 
present for P(+3) in some of our samples as the possibility of another species being present. 
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